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Introduction
Supramolecular chemistry is the chemistry of noncovalent interactions defined by Lehn that permits different types of complexes targeting molecular interactions; as such, it is an interesting field that is in continuous development 1 for multiple designs of nanoarchitectures 2 and applications. 3, 4 From these interactions, the physicochemical properties of the molecule are complex and modify their solubility and the spectroscopic properties. These changes can be used in different applications that emulate antigen-antibodies interactions. Within this field, many developments related to emerging tools in biotechnology based on MEF applying antigen-antibodies recognition for nanostructures surface designs 5 for ultrasensitive fluorescence sensing assay platforms 6 are in progress. Additionally, from supramolecular chemistry in the last few years, new nanoarchitectures based on nanoparticles (NPs) grafting with natural and synthetics supramolecular systems have been developed. For example, Chen et al. 7 developed a nanosensor with silver NPs grafted with ß-cyclodextrin (ßCD) nanocavities as a supramolecular system for the spectrophotometry enantiomeric discrimination of phenolic compounds.
CDs are cyclic oligosaccharides consisting of six (αCD), seven (ßCD), or eight (γCD) units of α-D-glucose linked by α-(1, 4) bonds. These macrocycles have a nanocavity (internal diameter of 0.7 nm for βCD) that allows them to act as hosts to form inclusion complexes with guest molecules in the solid state or in solution. 8 The CDs are interesting microvessels capable of embedding appropriately sized molecules, and the resulting supramolecules can serve as excellent miniature models for enzymes-substrates complexes.
Moreover, Brouard et al. 9 designed an DeoxyriboNucleic Acid sensing architecture combining the molecular recognition capabilities of a cationic conjugated polymer transducer with highly fluorescent core-shell NPs exploiting metal-enhanced fluorescence (MEF). MEF is an effect produced by the interaction of fluorophores (at a specific distance from the metallic surface) with metallic NPs plasmon that increases the electronic occupancy of the fluorophoreexcited state. 10 Then, Bracamonte et al. 11 developed a nanosupramolecular complex for switch on/off enhanced fluorescence control and molecular release using a simple chemistry reaction based on molecular recognition coupled to MEF.
These types of research works open the possibility to explore MEF as a detection signal in new analytical methodologies using nanosupramolecular sensors looking to improve analytical performances of the supramolecular systems.
For this reason, we propose exploring the designing of nanosensors joining the knowledge of supramolecular systems with metallic NPs based on nanoimaging and single NP analysis with potential applications in nanophotonics and single molecular detection.
Rhodamine B (RhB) is an important xanthene dye with a large variety of technical applications, such as dye lasers, photosensitizer, and quantum counter, etc. 12 The spectroscopic and photophysical properties of RhB has been extensively studied in different media. A recent example is by Zhu et al. who studied the mechanisms of interaction between bovine serum albumin with RhB using fluorescence spectroscopy. Moreover, it is well-known 13, 14 that RhB interacts strongly with βCD accompanied by a quenching effect. 15 Based on our previous research work applying PEG molecules as spacer and linkers of supramolecular systems, 11 it obtained excellent properties as well dispersible NPs, molecular recognition, controlled switch on-off enhanced fluorescence detection, and no cell adsorption properties. However, for photonics applications, a higher density and more compact nanoarchitecture should be developed. For this reason, this research work was related to the synthesis of plasmonic gold core βCD grafted by applying a compact short conjugated organic molecular spacer shell. In this manner, their plasmonic properties were evaluated for MEF applications.
Experimental

Apparatus
UV-vis and spectrofluorimetric determinations were carried out in a Varian UV-50 Carry 50 Conc. and a Fluorolog HORIBA JOBIN YVON, respectively. The lifetime measurements were done with a Fluotime 2000. The pH was measured with a Fisher Scientific Accumet model Excel XL20 at ð25.0 AE 0.1Þ°C. The pH meter was first calibrated using standard buffers (pH ¼ 4.00, 7.00, and 9.00). An ultrasonic bath (Branson 2510) was used for the dispersion of the reagents. The transmission electron microscopy (TEM) images were taken using a TEM JEM-1230, JEOL with an operating voltage of 200 kV. Data analysis was performed with Origin (Scientific Graph system) version 8.
Reagents
sodium tribasic dihydrate (99%, ACS reagent), polyvinyl pyrrolidone 40 000 g∕mol (98%, Sigma-Aldrich), and mercaptophenylboronic acid (≥95%, Aldrich) were used as received. The pH ¼ 7.4 (10 mM) buffer was prepared according to literature procedures (2.3 mM monosodium dihydrogenphosphate and 7.7 mM disodium hydrogenphosphate). All constituents of the buffers were commercial reagents of analytical grade.
General Procedure
A concentrated aqueous solution of RhB 0.626 mM (3 mg∕10 mL) was stored in the refrigerator (4°C) for a maximum of 20 days. The stability of the stock solutions was periodically checked by spectrophotometry before preparing the appropriate dilutions for fluorimetric determinations. All the experiments were done with diluted aqueous solutions of RhB in the nM range to ensure only the monomeric specie was present. 15 All the solutions were covered with aluminum foil to protect them from light exposure. For emission and excitation fluorescence spectra, the excitation and emission bandwidths were set at 5 nm. The fluorescence emission spectra were measured with an excitation wavelength equal to the wavelength of maximum absorption (540 nm). All the measurements were made at ð25.0 AE 0.1Þ°C, with the temperature of the cell compartment controlled with a Haake K10 circulator with continuous stirring.
The gold NPs were synthesized by the classical Turkevich method of citrate reduction of HAuCl 4 and were afterward stabilized with PVP 40. The resulting NPs were then redispersed in anhydrous ethanol (mother solution, ½Au NPs ¼ 388 × 10 10 NPs∕mL, diameter ¼ 55.5 nm).
The grafting of βCD on the gold NPs was done by mixing 2 mL of the ethanolic NPs solution capped with PVP 40 with a 5 mM ethanolic solution of mercaptophenylboronic acid for 3 h with continuous agitation. Afterward, the NPs were redispersed in a phosphate buffer (10 mM, pH 7.40). The resulting NPs were mixed with 2 mL of a 10 mM βCD phosphate buffer solution for 2 h to covalently bind the βCD (Au@βCD) to the boronic acid monolayer (see synthesis Fig. 1 ).
The sensitivities and lifetime measurements of the RhB were measured for different media (Au@βCD, the buffer solution, free βCD, free Au NPs, and a mechanical mix of free βCD and free Au NPs). Low concentrations (∼3.88 × 10 8 NPs∕mL or a dilution factor of 100 of the initial gold mother solution) of gold NPs were used to avoid autoabsorption (extinction coefficient inferior to 0.05). The CDs concentrations were between milli-and micromolar. The mechanical mix was done with the simple addition of NPs capped with PVP 40 and βCD without the addition of any linker.
Results and Discussion
Nanoparticles Characterization
The gold NPs were synthesized by the classical Turkevich method of citrate reduction of HAuCl 4 . Particles synthesized by this method were nearly monodisperse spheres, with their sizes easily controlled by the initial reagent concentrations ratios. We synthesized monodisperse spherical gold NPs in the 40-to 50-nm-diameter range for our work (Fig. 2) .
They are easily characterized in UV by their plasmon absorbance band centered around 540 nm for the 55.5-nm gold NPs (Fig. 3 ). Surface modifications of the Au NPs (Fig. 4) can easily be observed in UV. For instance, the grafting of the boronic linker can be evidenced with the apparition of a band at 250 nm. Furthermore, the grafting of organic molecules on the gold surfaces redshifts the plasmon band by a few nanometers. We also observed the apparition of a third band at 650 nm, attributed to βCD grafting on gold NPs. It is consistent with results reported in previous publications, where modified CDs (such as pyridylmethylamino-β-cyclodextrin) were grafted on gold NPs. 16 
Study of the Rhodamine B Fluorescence Effect in Presence of
β-Cyclodextrin Gold Nanosensor
We monitored changes over a 1-h period in the fluorescence spectra of Au@βCD in the presence of 1.00 nM of RhB with continuous stirring. As seen Fig. 5 , there is an increase of the RhB emission signal (λ max: em: 580.0 nm), accompanied by a 6-nm blueshift in the emission peak wavelength over the first 45 min, after which it stabilizes. Another band of the CDs emission signal was observed with the time around (λ max: em: 520.0 nm) but without a shift in the wavelength emission. The deconvolution of the spectra in two Gaussian bands and the subtraction of the 520.0 nm band to the 580.0 nm band assigned to the RhB emission gives a result of a net emission increment. These effects can be explained by the high-electron density prevailing inside the βCD cavity, which can mobilize the electrons of the included guest molecule, 17 thus resulting in changes in the spectral properties of both the guest and the βCD itself. Moreover, these observations are related not only to the specific interactions between the dye and the βCD nanocavity but to the time needed to get all the system in equilibrium to obtain a constant emission fluorescence signal. The system in total equilibrium is not only related to the time of a simple host-guest interaction (typically Van der Walls attractions between the RhB and the βCD nanocavity) but also through H-bonding between several CDs moietie's hydroxyl groups. We believe the bulk of these interactions occurs between CDs grafted over different NPs, although interactions between these macrocycles grafted over the same gold surface have been demonstrated before. 18, 19 Initial inclusion of the guest in the cavity is very rapid (often within minutes), but the final equilibrium can take much longer to reach. Once inside the CD cavity, the guest molecule undergoes conformational adjustments to take maximum advantage of the weak van der Waals forces that exist. 20 Another factor to consider for the stabilization of the fluorescence signal is the homogenization of the nanosupramolecular system, which takes into account the movement of the NPs and the interactions between their surface's moieties.
In these conditions, we also observed, over 50 min, a gradual increase of about 36% to 40% of the RhB emission in the presence of Au@βCD. This is a high increase considering that, at best, there is a 0.5 nM concentration of βCD over the gold NP's surface. Comparing this value with results in literature, we found that, to measure a fluorescent increment of RhB in the presence of βCD, it is necessary to work at higher concentrations of dye and βCD (dye ∼10 −3 M and βCD 10 mM) than in our experimental conditions (nM concentrations of host and guest). At lower RhB concentrations, in the (10 −4 to 10 −8 ) M range, quenching was measured. To our knowledge, there are no reported studies claiming that such concentrations are able to enhance the fluorescence emission of RhB or any other dye at such an extent. Indeed, most studies pertaining to the inclusion of organic compounds in CDs use macrocycles concentrations in the mM range; 21 in these conditions, there is a high inclusion percentage of the dye into de-CDs cavity.
The CDs cavity behaves like an organic solvent, notably oxygenated solvents, such as dioxane, tert-amyl alcohol, and 1-octanol, 22 as it contains an oxygen atom while affording an apolar surrounding to the guest allowing fluorescence emission changes. It is known that RhB emission is quenched by the addition of βCD. In this manner, it was showed the characteristic quenching effect of βCD (10 mM) on the RhB fluorescence emission (the quenching effect measured was ∼25%) (Fig. 6) , as well as the same characteristic blueshift (λ max: em: 574.0 nm), was observed for this dye in literature. 23 Moreover, we compared the effect of the Au@βCD on the RhB emission with gold NPs stabilized with PVP 40 (Fig. 7) . There is a 30% diminution of the RhB emission. This effect could be explained by a nonspecific adsorption effect of RhB over the metallic NP surface. In this case, it is known that a quenching effect appears through a nonradiative energy transfer to the metal surface when the fluorophore is too close to the metallic surface. 24 Or another possible explanation is the diminution of emission caused by inner filter effect.
Thus, without βCD linked to the NP that is in the presence of gold NPs without any type of specific supramolecular interactions, it was not possible to obtain an enhanced fluorescence signal similar to the one obtained with the nanosensor Au@βCD. For this reason, we interpreted the RhB emission increment observed in the presence of Au@βCD not only as a consequence of the inclusion complex formed between the βCD and RhB but to the proximity of this complex to the metallic surface, which results in MEF. While this increment might not seem high when compared with other reported results with metallic core-shell NPs modified with fluorophores, we have to take into account the low percentage of RhB that is incorporated over the surface. In metallic core-silica shell NPs, it is possible to add fluorophore concentrations in the order of μM due to the possibility of tuning the fluorescent silica shell; while for similar NPs concentrations of Au@βCD NPs, it is possible just to incorporate in the nM concentration range based on the total number of βCD attached per NP. So, such results in the presence of low RhB concentration level showed the powerful interaction between the dye and βCD complex and the gold NP. Moreover, it is well-known that MEF is related to the distance between the metal surface and the fluorophores. Different studies of the metal-fluorophore interaction show this dependence. Wokaun et al. 25 reported a maximum luminescence enhancement of 200 for a 25-Å-thick evaporated layer of SiO 2 on a planar silver island film. Moreover, we studied this phenomenon with a multilayered nanoarchitecture that features a metal core surrounded by concentric silica layers containing FRET donor and acceptor molecules. We demonstrated the importance of the precise distance between these molecules and the core, 26 as well as this effect by applying flexible and short PEG molecular spacers.
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While the spacer's length, here, is not optimal, considering that it is at most, around 19 Å (considering 4 Å for the linker and 15 Å for the βCD), the system has a sufficient spacer (Fig. 8 ) to permit MEF, based on a higher density of the molecular spacer that places the fluorophore at a given distance by a supramolecular interaction (Fig. 9 ) diminishing in this manner the incorporation of free dyes close to the gold surface accompanied with a quenching effect. On the basis of these results and to evaluate this nanosensor based on a molecular recognition coupled to a Plasmonic effect, we made a calibration curve for RhB in different media: (1) Au@βCD, (2) free βCD, (3) free Au NPs mixed with free βCD (nongrafted), (4) free Au NPs in a pH 7.30 phosphate buffer solution, and (5) the same buffer (Fig. 10) .
The analytical parameters are summarized in Table 1 . The calibration curves show the higher sensitivity when in the presence of the nanosensor compared with all the other media tested. Comparing the performances between the Au@βCD system and the systems with free Au NPs and βCD, we see an increment of the sensitivity by 294% and 70%, respectively. As mentioned, this increase stems from the MEF effect between the gold core and the probed fluorophores. Moreover, the sensitivity in the buffer is 45% higher than in the presence of βCD, which shows the quenching effect of this macrocycle on the RhB emission. In the case of the mechanical mix, with different βCD concentrations (between milli-and micromolar), the sensitivities were similar to or smaller than the one obtained in the buffer.
The guest's fluorescence in the presence of free βCD is expected to be quenched; however, the MEF resulting from the βCD complex nearby metallic surface results in a net increase in the fluorescence signal, but this observation is measured only in the case that the βCD is attached to the metallic NP surface. With the mechanical mix, composed by free NPs with βCD added in absence of linker, it was not observed an increment in the sensitivity value (in comparison with buffer and βCD) showing the well-known importance of the distance fluorophore-metallic NP dependence.
In our best knowledge, there are not many publications related to this field that compare different molecular spacers to design nanosensors using gold NPs in colloidal dispersion. Moreover, there are many publications for MEF studies based on metallic surfaces and Fig. 10 Comparison of RhB calibration curves in the presence of different media. All the measurements were done in buffer phosphate pH ¼ 7.40. The Au@βCD and Au NP concentrations were the same and estimated by UV measurements. The βCD concentration was 10 mM. The fluorescence intensity was taken at the maximal emission wavelengths of each media. 
UV spectra were measured of the NP sample to have similar NP concentration.
polymeric spacers showing the enhanced effect; however, not many are related to molecular sensing at low concentration levels. Comparing the methodologies proposed by applying CDs as molecular receptor, the concentrations used are higher in the μM level, while in the presence of nM, none were reported (these Au@βCD NPs contain the best 50 nM of CDs grafted in concentrated NP conditions). For these reasons, this nanosystem is a proof of concept to be applied for molecular tracking, single molecule detection with biological interest accompanied with more analytical advantages and performances than only using supramolecular systems. These NPs functioned as nanoplatforms for molecular trapping detection by an enhanced fluorescence detection based on a supramolecular interactions coupled to MEF.
Lifetimes Measurements
To understand the photophysics of the RhB and to obtain more direct information about the microenvironmental changes around the fluorophore interacting with the different media, we measured the lifetimes in the conditions described before. The fluorescence lifetime decay curves (Fig. 11) showed a shortening of RhB lifetimes decays in the presence of the nanosensor ( Fig. 12 ) with respect to the free RhB in buffer phosphate and in the presence of free gold NPs (without the βCD grafted). All the results are shown in Table 2 .
The lifetimes obtained for RhB in buffer were 1.6 ns, which agrees with the results reported earlier (1.6 ns) 27 and (1.7 ns). 28 In the presence of free gold NPs, a similar value was obtained, showing that a diminution effect in the lifetime is needed to have a specific supramolecular molecular recognition. In the case of the nanosensor, the curve was fitted for two lifetimes decay; the first can be interpreted as RhB included in the βCD nanocavity (0.90 ns) corresponding to the fluorophore next to the metallic surface with MEF, and the second is the free RhB (1.92 ns) with a higher τ i due to the fluorophore sensing an other more apolar environment. Moreover, the average decay of the nanosensor (1.18 ns) is smaller than the one for free RhB in buffer and in the presence of gold NPs (1.6 ns). Due to this, the τ i value in the presence of gold NPs and in buffer are similar, the fluorescence diminution in the presence of gold NPs is explicated by an inner filter effect. The enhanced signal of fluorescence emission is known to be accompanied by a diminution of the lifetime in the excited state. 29, 30 In our working experimental conditions, it is important to know that the lifetime diminution is caused by a supramolecular molecular recognition with a total theatrical βCD concentration over NP surface at the best, around 0.5 nM.
With the results obtained by mechanical mix, we can see an effect with the βCD concentration added; at high concentration (∼10.0 mM), we can see the first lifetime decay related at the βCD quenching effect (0.9 ns) and the second lifetime decay higher (1.90 ns). Both values are affected by a media change, such as organized systems as micelles, vesicles, etc., caused by the high βCD concentration and interaction intermacrocycles by a network of hydrogen bonds. 31 At high βCD concentration, it is possible to obtain CDs aggregation with micellar-like structures, 32 and especially with high stability in comparison with the other CDs. 33 In addition to this concept, it is well-known that RhB shows a higher lifetime in an adsorbed state than in aqueous solution because the internal rotation of the diethyl amino group, which is believed to play the main role in the radiation less decay of this molecule, is suppressed under adsorption. 34 In the experiments done, in the mechanical mix at higher βCD concentration or with free βCD (10.0 mM), generated aggregates and RhB adsorbed that produced an increment in the Fluorescent Lifetime Decays accompanied with a deactivation of the excited state as well.
In the presence of smaller βCD concentrations, the micellar effect disappeared and we obtained only the lifetime decay of free RhB, due to the βCD quenching effect over the RhB emission always being observed at a high ratio of βCD/RhB concentrations. 35 Similar values (2.24 and 0.93 ns) related to similar effects of with the mechanical mix were measured in the presence of only βCD (∼10.0 mM).
Comparing the case of mechanical mix with the higher βCD concentration and the nanosensor, we can see similar results in the lifetime measurements but not in the sensitivities values, showing the functionality of the nanosensor based on a molecular recognition accompanied with MEF detection, which any mechanical mix could reproduce.
In conclusion, with any mechanical mix, we did not obtain the same results (by lifetime measurements and sensitivity determinations) as with the nanosensor (with the βCD linked to the gold NP surface and the specific supramolecular guest interaction) probing the effectiveness of the supramolecular host-guest interaction and MEF effect. 
Conclusion and Outlook
To conclude, in our work, we were able to synthesize a nanosystem with the knowledge of the supramolecular chemistry coupled to metallic gold NPs exploiting MEF phenomena. Better sensitivities were obtained with the nanosupramolecular system than with supramolecular system only. It was possible to increase the sensitivity of RhB detection by 70%, 80%, and 294% when compared with a solution in a phosphate buffer, with free ßCD, and with Au NPs, respectively. Further studies of this nanosupramolecular system approach will be developed to obtain higher sensitivities and selectivities for biomolecule detection.
